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FRACTURE  CHARACTERISTICS  OF 
TWO  HIGH-STRENGTH,  LOW-ALLOY 
AND  TWO  STAINLESS  STEELS 


1 INTRODUCTION 


Objective 

The  objective  of  this  study  is  to  use  scanning  elec- 
tron niiscroscopy  (SEM)  to  establish  and  characterize 
the  nature  of  fractures  in  engineering  materials.  This 
characterization  is  to  be  accomplished  by  laboratory 
simulation  of  those  types  of  fracture  modes  and 
inateriul  einbrlttlemenls  most  commonly  encountered 
in  in-service  failures.  This  report  discusses  a segment  of 
the  study  covering  fracture  characteristics  of  two 
high-strength,  low-alloy  structural  steels  and  two 
stainless  steels. 

Approach 

The  fracture  characteristics  of  two  high-strength, 
low-alloy  structural  steels  (ASTM  A-588  and  A-242) 
and  two  stainless  steels  (AIS1  416  and  17-4PH)  were 
analyzed.  A-588  and  A-242  have  ferritlc-pearlitlc 
micrnstructurcs,  AIS1  416  is  a martensitic  stainless 
steel,  and  1 7-4PH  is  a preclpltatlon-hardonablc,  mar- 
tensitic stainless  steel.  The  materials  were  fractured 
under  tensile,  fatigue,  and  Impact  louding  conditions. 
The  effects  of  hydrogen-  and  temper-embrittlement 
on  the  materials'  behavior  when  fractured  under  tensile 
and  fatigue  conditions  were  investigated. 

Mode  of  Technology  Transfer 

The  information  obtained  from  examination  of 
simulated  failures  will  be  combined  with  data  gained 
from  analysis  of  in-service  failures  to  provide  the  basis 
for  a reference  manual  to  be  used  in  future  failure 
analysis. 

Background 

Fracture  of  Steels 

Fracture  surface  features  can  be  divided  into  two 
categories  according  to  the  mode  of  fracture:  trans- 
granular  (through  the  grains  and  across  grain  boundaries) 
or  intergranular  (around  the  grain  boundaries).  Tr-ns- 
granular  fractures  can  occur  by  void  coalescv  .ee, 
rupture,  cleavage,  or  fatigue.  Intergranular  fractures 
occur  by  grain  boundary  separation  either  with  or 
without  microvoid  coalescence.  Figures  I through  6 
illustrate  these  types  of  fractures. 


Many  common  structural  metals  fracture  under 
inonotonic  load  in  a ductile  fashion  by  microvoid 
coalescence.  Microvoids  are  small,  discontinuous  voids 
which  nucleate  at  grain  boundaries,  second-phase 
particles,  or  other  sites  where  strain  discontinuities 
exist.  As  the  applied  load  increases,  the  microvoids 
grow,  coalesce,  and  eventually  form  a continuous 
fracture  surface  which  exhibits  numerous  cup-like 
depressions  called  "dimples";  this  is  referred  to  as 
“dimpled  rupture,"  which  is  generally  associated  with 
ductile  failure. 

The  shape  of  these  dimples  is  strongly  influenced 
by  the  orientation  of  the  major  stress  axis  to  the 
roiling  direction  (texture)  of  the  material.  Equiaxod 
dimples  (Figure  1)  result  under  local  conditions  of 
uniaxial  tensile  stress,  while  elongated  dimples  (Figure 
2)  result  from  failure  caused  by  shear  stress.  Failure 
under  this  loading  mode  is  expressed  as  maximum 
shear  stress  criterion  or  Trcsca  failure.  Dimple  size 
depends  on  the  number  of  fracture  nucleation  sites, 
grain  size,  microstructure,  and  the  relative  ductility 
of  the  metal. 

in  polycrystalline  body-centered  cubic  (bcc)  metals, 
macroscopic  cleavage  fracture  propagates  through 
grains,  changing  directions  as  it  crosses  subgrain  boun- 
daries or  passes  from  one  grain  to  another.  Cleavage 
fractures  (Figure  3)  which  are  usually  associated  with 
brittle  failure,  occur  along  a well-defined  crystallo- 
graphic plane  within  a grain;  in  ferritic  steels  which 
have  a bcc  crystal  structure,  this  plane  has  the  type 
100  orientation.  The  change  in  orientation  between 
grains  and  the  imperfections  within  grains  usually 
produce  easily  distinguished  markings  on  the  fracture 
surface.  A cleavage  fracture  propagating  across  grains 
forms  arrays  of  cleavage  steps  or  “river  patterns.” 
These  river  patterns  arc  rootlike  networks  of  cleavage 
facets  propagating  on  different  levels.1 

In  precipitation-hardened  martensitic  steels,  the  size 
and  orientation  of  the  available  cleavage  planes  may  be 
poorly  defined  because  within  the  grains  of  the  prior 
austenite,  expected  (true)  cleavage  planes  were  replaced 
by  smaller,  Ill-defined  cleavage  facets,  which  arc 
referred  to  as  quasi-cleavage  planes  (Figure  4).J 


1 H.  Homlu,  International  Conference  on  Fracture,  Sendai, 
Japan  (1965);  and  ).  R.  Lew,  Jr.,  B,  L.  Averbach,  et  at., 
Fracture  (John  Wtlcy,  1959),  p 163. 

1 Fractopaphy  and  Alter  of  Fractopaphs,  ASM  Metals 
Handbook,  Vol  9,  8!h  Edition  (American  Society  for  Molds 
| ASM).  1974),  p 65. 
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Fatigue  fracture  results  from  continuous  microscopic 
progression  of  a crack  caused  by  the  application  of  a 
cyclic  load.  The  mechanism  of  Idiguc  crack  initiation 
is  believed  to  involve  slip  plane  fracture  caused  by 
repetitive  reversing  of  the  operative  slip  systems  on 
tiie  suiface  of  die  metal.3  Crack  growth  caused  by 
repetitive  loading  sometimes  results  in  a fracture 
surface  which  exhibits  closely  spaced  fatigue  stria- 
dons  or  parallel  markings  as  shown  in  Figure  S.  Kach 
fatigue  siriudon  represents  the  advance  of  a crack  front 
during  one  loading  cycle,  The  stria  lions  may  be  absent 
or  may  differ  in  appearance  depending  on  such  variables 
us  type  of  material,  level  and  frequency  of  applied 
stress,  and  environment. 

Intergranular  fracture  caused  by  temper-embritde- 
ment  often  results  from  segregation  of  impurity  atoms 
along  the  grain  boundaries  (Figure  6).  This  segregation 
causes  the  grain  boundaries  to  be  extremely  weak, 
resulting  in  separation  by  a low  energy  fracture.  At 
high  magnifications  the  fracture  surface  reveais  progres- 
sive fracture  along  the  embrittled  grain  boundaries  of 
the  prior  austenite  grains.  This  fracture  mcchuriism 
generally  occurs  only  in  quenched  and  tempered 
materials. 

Hydrogen  -Em  brittle  men  t of  Steel 

Hydrogen-embrittlement  has  received  considerable 
attention4  since  hydrogen  Is  easily  introduced  into 
metals  by  melting,  casting,  welding,  corrosion,  and 
electroplating.  Most  Investigations  of  hydrogen  embrit- 
tlement have  beet:  performed  under  sustained-load  or 
slow  strain  rate  tensile  test  conditions,  itowever.  Little 
research  has  been  published  on  the  fatigue  properties 
of  hydrogen-embrittled  steels. 

The  degree  of  embrittlement  generally  increases 
with  increasing  hydrogen  content  and  has  the  greatest 
effect  on  the  high  tensile  strength  Iron-base  alloys. 


JP,  J.  E.  Forsyth,  “Fatigue  Damage  ami  Crack  Growth  In 
Aluminum  Alloys,”  ACTA  Metallurgical  Vol  II  (1963),  p 703; 
and  ('.  Laird  and  G.  C.  Smith,  "Crack  Propagation  in  High 
Stress  Fatigui,  Philosophical  Magazine,  Vol  2 ( 1962),  p 847. 

4P.  Cottcrlll,  “The  Hydrogen  Embrittlement  of  Metals," 
Progressive  Materials  Science,  Vol  9,  No.  4 (1961 );  A.  S.  Tctol- 
man  and  A.  J.  McEvlly,  Jr.,  P'racture  of  Structural  Materials 
(John  Wiley,  1967);  I.  M.  Bernstein,  "The  Role  of  Hydrogen 
In  (he  Embrittlement  of  Iron  and  Steel,"  Materials  Science  ami 
Engineering,  Vol  6,  No.  1 (1970),  pp  1-19;  W.  Beck,  E,  J. 
Jankowski,  and  P.  Usher,  Hydrogen  Stress  Cracking  of  High- 
Strength  Steels,  NADC-MA-7140  (Naval  Air  Development 
Center,  1971);  and  Hydrogen  Embrittlement  Testing,  ASTM 
STPJ43  (American  Society  lor  Testing  and  Materials  |ASTM| , 
1974). 


Hydrogen  embrittlement  produces  a stiarp  loss  in 
ductility;  this  loss  is  most  severe  at  room  temperature 
and  slow  strain  rates.  The  fatigue  lives  of  steels  subjected 
to  electrolytic  hydrogen-charging*  or  a high  pressure 
hydrogen  atmosphere*  have  shown  significant  reduc- 
tions. The  mode  of  failure  of  a hydrogen-embrittled 
sample  depends  on  such  variables  as  type  of  material, 
method  of  loading,  and  environment; martensitic  steels 
are  the  most  susceptible. 

Many  theories  concerning  the  mechanism  of  hydro- 
gen embrittlement  have  been  proposed,  but  no  one 
theory  has  been  able  to  account  for  more  than  half  the 
experimental  results.  The  hydrogen  embrittlement 
theory  proposed  by  Zaffe7  was  based  on  atomic  hydro- 
gen diffusing  through  the  metal  lattice,  precipitating  in 
internal  voids  as  molecular  hydrogen,  and  creating  high 
pressures.  It  was  assumed  that  high  pressures  in  the  voids 
combined  with  the  externally  applied  stress  fractured 
the  metal,  Diffusion  of  hydrogen  to  the  voids  could 
explain  the  strain  rate  and  temperature  dependence  of 
hydrogen  embrittlement,  U.f  hydrogen  embrittlement 
appears  to  be  a late  process.  However,  this  theory 
requires  u regular  array  of  pre-existing  internal  voids 
along  with  a source  of  hydrogen,  a requirement  that  is 
inconsistent  with  the  results  of  studies  on  the  structure 
of  hydrogen-ombrittlcd  steels.*  Petch®  rejected  the 
idea  that  cracking  is  propagated  by  internal  hydrogen 
pressure.  He  suggested  that  adsorption  of  hydrogen  on 
the  surfaces  of  microcracks  or  voids  reduces  the  surface 
free  energy,  resulting  in  a decrease  In  the  energy  needed 
for  crack  propagation.  He  further  suggested  that 
although  plastic  deformation  may  produce  many  dis- 
connected niicrocracks,  the  microcracks  do  not  reduce 
fracture  stress  significantly  in  the  absence  of  hydrogen. 
However,  when  hydrogen  is  present,  It  diffuses  Into  the 
region  of  the  advancing  tip  and  is  adsorbed  at  the  crack 
tip,  thereby  reducing  the  energy  required  to  propagate 


*G.  Silrwen,  G,  Sachs,  and  K.  Tunk,  ASTM  Proceedings, 
Vol  57  (1957),  pp  682-697;  W.  Beck,  Electrochemical  Tech- 
nology, Vol  2 (1964),  pp  74-7B;and  J.  D,  Harrison  and  G.C. 
Smith,  British  Welding  Journal,  Vol  14  (1967),  pp  493-502. 

6W.  A.  Spltrig,  P.  M.  Talda,  and  R.  P.Wel,  "Fatigue-Crack 
Propagation  und  Fructographlc  Analysis  of  18  Ni  ( 250)  Murug- 
Ing  Steel  Tested  In  Argon  and  Hydrogen  Environments," 
Engineering  P'racture  Mechanics,  Vol  I (1968),  pp  155-165. 

7C.  A,  Zaffc , Journal  oj  Iron  and  Steel  institute,  Vol  154, 
No.  123  (1946). 

*A.  S.  Tetelmar  und  A.  J.  McEvily,  Jr.,  Fracture  of  Struc- 
tural Materials  (John  Wiley,  1967), 

®N.  J.  Petch, “The  Ductile  Fracture  of  Polycrystalline-Iron,” 
Philosophical  Magazine,  Vol  i (1956),  pp  136-191, 
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the  tud.  I iiitaiu;1  D has  proposed  that  limit  hydrogen, 
which  is  evenly  distributed  throughout  the  metal 
lattice,  is  harmless  because  Its  concentration  is  so  small. 
The  critical  factor  is  the  segregation  of  hydrogen, 
which,  under  an  applied  stress,  diffuses  to  regions  of 
trlaxial  stress  near  pre-existing  voids  in  tlte  steel.  Thus, 
only  hydrogen  in  the  stressed  region  of  the  lattice  or  at 
a crack  tip  is  responsible  for  hydrogen  embrittlement. 
Also,  since  hydrogen  embrittlement  is  observed  in 
transition  metals  having  vacancies  in  the  third  subsheli, 
Troiano  hypothesized  that  hydrogen  in  the  stressed 
region  of  the  atomic  lattices  near  the  voids  gives  up  its 
electrons  to  the  third  subshells  of  the  host  atoms, 
filling  the  sacancies  in  the  third  band,  and  thereby 
decreasing  the  binding  energy  of  cohesivcncss  of  the 
atoms  In  the  lattice  in  this  region.  One  flaw  in  this 
theory  is  Unit  specimens  slowly  cooled  in  a hydrogen 
atmosphere  or  cathodically  chatged  at  room  tempera- 
ture contain  cracks  even  without  externally  applied 
stress. 

It  should  be  noted  that  the  deleterious  effects 
associated  with  hydrogen  can  be  removed  by  outgassing 
or  “baking"  the  material  for  u short  time  In  a tempera- 
ture range  of  100°C  to  300®C."  At  this  temperature 
range  hydrogen  readily  diffuses  to  free  surfaces  and 
escapes  as  diatomic  hydrogen. 

Temper  Embrittlement 

Tcmpet  embrittlement  is  a serious  problem  asso- 
ciated with  quenched  and  tempered  steels  which 
results  In  a serious  loss  in  ductility  and  toughness;  it 
is  also  sometimes  manifested  by  a loss  in  corrosion 
res  stance  and  a shift  In  the  brittle-to-ductlle  transition 
to  higher  temperatures.* 1 Temper  embrittlement 
generally  occurs  In  low-alloy  or  stainless  steels  when 
they  are  tempered  (reheated  after  austenitizing  and 
quenching)  at  temperatures  tanging  from  350nC  to 
S50°C.'*  Subsequent  reheat  treatment  above  600°C 

1 0 A.  t roiuno,  'The  Rule  of  Hydrogen  and  Other  Interstitials 
in  the  Mechanical  Behavior  of  Metals,"  Transaction)  of  the 
American  Society  for  Metals  (ASM) , Vol  52  (i960),  p 52, 

11  A.  S.  Tetelman  and  A.  J.  McEvily,  Jr.,  Fracture  of 
Structural  Materials  (John  WUey,  1967). 

11  Heat  Treating,  Cleaning,  anti  Finishing,  ASM  Metals 
Handbook.  Vol  2,  8th  Edition  ( 1964),  p 245;  and  R.  T.  Ault, 
R.  B.  Holtmann,  and  J.  R.  Myers,  Heat  Treatment  of  a Marten^ 
sitlc  Stainless  Steel  for  Optimum  Combination  of  Strength, 
roughness,  anti  Stress  Corrosion  Resistance,  Technical  Report 
AIML-TR-68-7  (Air  Force  Materials  Laboratory,  April  1 968 >. 

1 3).  R.  Low,  Jr.,  Fracture  of  Engineering  Materials  (ASM, 
1964),  p 1 27 ; and  C.  J . McMahon,  Jr„  Temper  Embrittlement 
In  Steel,  ASTM  STP  407  (ASTM,  1963),  p 127. 


for  a short  time  and  quenching  to  room  temperature 
eliminates  the  embrittlement. 

It  is  generally  believed  that  the  equilibrium  segrega- 
tion of  various  Impurities  to  prior  austenite  grain 
boundaries  is  the  fundamental  meeb  sin  of  temper 
embrittlement  Low  and  his  associat  demonstrated 
the  influence  of  specific  impurities  s.  ,n  as  antimony, 
tin,  phosphorus,  and  arsenic  and  alloying  elements  such 
as  nickel  and  chromium  in  promoting  embrittlement. 
Marcus  and  Palmberg* 1 found  that  wnen  fracture 
occurs  along  prior  austenite  grain  boundaries  in  low- 
alloy  steels,  significant  amounts  of  antimony,  tin,  and 
phosphorus  (100  to  500  times  the  bulk  concentration) 
are  present  on  the  grain  boundaries.  The  presence  of 
both  nickel  and  chromium  appears  to  cause  more 
segreption  of  antimony,  tin,  or  phosphorus  to  the 
grain  boundaries  than  when  either  is  present  alone. 

Recent  experiments  by  Ohtani1*  suggest  that  a 
central  feature  of  temper  embilttlement  is  the  redistri- 
bution of  solute  during  curbiiie  precipitation.  The 
study  showed  that  eliminating  carbide  precipitation  in 
antimony-  and  phosphorus-doped  alloys  eliminated  the 
remaining  embrittlement  resulting  from  equilibrium 
segreption.  Ohtani  concludes  that  embrittlement  is 
caused  by  the  presence  of  impurities  in  the  carbide- 
ferrite  interfaces  resulting  from  piling-up  of  the  impurity 
ahead  of  a growing  carbide. 


2 EXPERIMENTAL  PROCEDURE 


Malarial 

The  steels  used  in  this  study  were  1 1/2  in. (j.81  ent) 
thick  plates  of  ASTM  A-588  and  A-242  and  5 1/8  in. 
(13,02  cm)  and  5 5/8  in.  (14.29  cm)  rounds  of  17-4PH 
and  A1SI 416,  respectively.  Types  A-588  and  A-242  are 
high-strength,  low-ailoy  structural  steels  generally  used 
where  weight  savings  or  added  durability  are  important. 

UJ.  R.  Low,  Jr.,  D.  K.  Stein,  A.  M.  Turkalo,  and  R.  P. 
Lafarci,  Transactions  of  AIME,  MT6TB,  Vet  242  (1968), 
pp  14-24. 

15H.  L.  Marcus,  Jr.  and  P.  W,  ”almbcrg,  "Effect  of  Solute 
Elements  on  Temper  Embitt dement  of  Low  Alloy  Steels,” 
Temper  EmbrittLment  of  Steels,  ASTM  STP  499  (ASTM, 
1971), pp  90-103. 

**H.  Ohtani,  H.  C.  Feng,  and  C.  J.  McMahon,  Jr„  “New 
Information  on  the  Mechanism  of  Temper  Embrittlement 
of  Alloy  Steels,”  Metallurgical  Transactions,  Vol  5 (1974), 
pp  516-518, 
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Then  inicTuaiructuieai  (Figures  7 aiul  8)  consist  of  The  chemical  compositions,  mechanical  properties, 

regions  of  ferrite  and  pearlite.  Type  4 1 6 is  designed  for  and  impact  energies  of  the  steels  are  shown  in  Tables  1 , 
use  in  free-machining  stainless  rod  heat-resisting  steel  2, and  3, respectively 
wire  and  bars  where  optimum  machinability,  genetal 

corrosion  resistance,  and  high  temperature  service  are  Specimen  Fabrication  and  Tatting 
required,  The  microstructurc  (Figure  9)  Is  martensitic.  Figure  II  shows  the  specimen  geometry  for  the 

Type  17-4FH  is  used  for  hot-rolled  and  cold-finished  tensile,  impact,  and  fatigue  tests. The  A-242  specimens 

age-hardening  stainless  and  heat-resisting  steel  bars  were  machined  with  some  specimens' longitudinal  axes 

and  shapes  where  corrosion  resistance  and  Idgh  strength  parallel  to  the  rolling  direction  and  some  axes  perpen- 

at  room  and  elevated  temperatures  are  required,  It  is  dicular  to  the  rolling  direction.  The  A-588  specimens 

precipitation-hardenable  and  has  a martensitic  micro-  were  machined  with  their  longitudinal  axes  parallel  to 

structure  (Figure  10).  the  rolling  direction. 


Table  1 

Chemical  Composition  of  Steels 


ASTM 

ASTM 

AISI 

Element  A-588,  % 

A-242,  % 

416,  % 

17-4PH,% 

C 

0.10-0.19 

0,15  max. 

0.15  min. 

0.07 

Mn 

0.90-1.25 

1.00  max. 

1.25 

1.0 

P 

0,04  max. 

0,15  max. 

0.06 

0.04 

S 

005  max. 

0.05  max. 

0.15  min. 

0.03 

Si 

0,15-0.30 

Id) 

1.0 

t’r 

0.40-0.65 

— 

12-14 

15J-178 

Cu 

0.25-0.40 

020  min. 

— 

3.0 -5.0 

Mo 

— 

— 

0.60  (Opt.) 

— 

Nl 

— 

— 

— 

3d)~5j0 

Cb+Tu  - 

— 

0.15  0.45 

V 

0.02-0.10 

— 

— — - 

— — 

Tsble  2 

Mechanical  Properties  ot  Steels 

Tensile  Strength, 

Yield  Strength, 

Steel 

kn  (MPa) 

kd  (MPa) 

A-588,  as-rolled 

90,0 

(621) 

58.4 

(403) 

A-588,  hydrogen-embrittled 

88.8 

(612.7) 

592 

(408.5) 

A 588,  reheut-treated 

83,2 

(574.1) 

57.6 

(397.4) 

A-242,  as-rolled,  longitudinal 

76,0 

(524.4) 

48 

(331.21 

A-242,  as-rolled,  transverse 

75.2 

(5189) 

48 

(3312) 

A-242,  hydrogen-embrittled,  longitudinal  76.0 

(524.4) 

49.6 

(342.2) 

A-242,  hydrogen-embrittled,  transverse 

72.8 

(502.3) 

472 

(325.7) 

A-242,  reheat-treated,  longitudinal 

73.6 

(507.8) 

48.8 

(336.7) 

A-242,  reheat- treated,  transverse 

68.0 

(4692) 

42.4 

(292.6) 

4 16, quenched 

212.0  (14628) 

168 

(11592) 

416,  tempered  at  593°C 

110.4 

(761.8) 

92 

(634.8) 

416,  tempered  at  316°C 

193.6  (1335.8) 

147.0  (1915.7) 

416,  tempered  at  9S4°C' 

192.8  (1339.3) 

120 

(828.0) 

416,  tempered  at  483°C' 

186.4  (1286.2) 

144 

(993.6) 

416,  hydrogen-embrittled 

214.0  (1479.4) 

134.4 

(927.4) 

I7-4PH,  sulutiun  hext-treated 

152 

(1048.8) 

97.6 

(673.5) 

I7-4PH,  hydrogen-embrittled 

152.8  (1054.3) 

104.0 

(717.6) 

I7-4PH,  aged  at  482°C 

164.8  (1137.1) 

150.4  (1037.8) 

17-4PH,  aged  at  538®C 

164 

(1131.6) 

153.6  (1059.8) 

17-4PII,  aged  ut  454°C' 

184,8  (1275.1) 

156 

(1076.4) 
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The  tensile  tests  were  conducted  at  room  tempera- 
ture at  strain  rates  between  0.01  in./in./min,  (0.01  cm/ 
ctn/rin.)  2nd  0.06  in. /in. /min.  (0.06  cm/cm/min.l, 
using  a 50-kip  MTS  electrohydinulic  testing  machine. 
The  impact  specimens,  which  were  the  Charpy  V- 
notched  type,  were  tested  at  a tange  of  temperatures 
by  using  temperature  control  baths.  The  fatigue  tests 


Table  3 

Absorbed  Impact  Energies  of  Steel 


Testing 

Specimen  Tempers  lure, 

Absorbed -Energy, 
LC  ft-lb  (Joule) 

A-588 

•196 

3.0 

(4.1) 

A-JH8 

-103 

5.0 

(6,8) 

A-588 

•30 

13.0 

0 7,6) 

A-588 

23 

24.J 

(33.2) 

A-242,  longitudinal 

•196 

0.5 

(.7) 

A-242,  longitudinal 

0 

4.0 

(5.4) 

A-242,  longitudinal 

23 

8.0 

(10.8) 

A-242,  longitudinal 

121 

74.0  0 00,3) 

A-242,  transverse 

•196 

0.0 

(0,0) 

A-242,  transverse 

0 

2.0 

(2.7) 

A-242,  transverse 

23 

6.5 

(8.8) 

A-242,  transverse 

121 

17.5 

(23.7) 

17-4PH,  solution  heut-treuted 

-196 

33.0 

(44.7) 

17-4PH,  solution  heut-treuted 

U 

66  i 

(90.2) 

17-4PH,  solution  heut-treuted 

23 

73.5 

(99.7) 

17-4PH,  solution  heut-treuted 

121 

82.0  011.2) 

17-4PH  ugedut  482°C 

-196 

0.0 

(02)) 

17-4PI1  aged  ut  482°C 

0 

9.0 

022) 

17-4PII  uged  at  482°C 

23 

31.0 

(42.0) 

17-4PH  agod  ut  482°C 

121 

62.0 

(84.1) 

17-4PII  ugedut  538°C 

-196 

2.0 

(2.7) 

I7-4PH  aged  at  538  C 

23 

23.0 

(312) 

1 7- 4PII  ugedut  53hV 

121 

62.0 

(04.1; 

17-4 PH  aged  lit  4S4°C 

-196 

0.0 

(0.0) 

I7-4PH  aged  at  454°C 

23 

5.0 

(6.8) 

17-4PH  aged  ut  454°t 

121 

18.0 

(24.4) 

416, quenched 

•196 

0.0 

(0.0) 

416,  quenched 

23 

3,0 

(4.1) 

416,  tempered  ut  393°C 

• 196 

li 

(2.0) 

416,  tempered  at  593^0 

0 

20.5 

(27.8) 

416,  tempered  ut  593°C 

23 

18.0 

(24.4) 

416,  tempered  ut  J93°C 

121 

19.0 

(25,8) 

416,  tempered  et  3i6°C 

-196 

0J 

(.7) 

416,  tempered  at  3 16°C 

0 

4.0 

lS.4) 

416,  tempered  ut  316°C 

23 

3.5 

(4.7  5) 

416,  tempered  ut  316  C 

121 

10.0 

03,6) 

416  tempered  ut  954°C 

23 

12.5 

07,0' 

416,  tempered  St  483°C 

23 

3.0 

(4,1) 

for  A-588  and  A-242  specimens  were  conducted  at 
10  cyclcs/sec  in  a tension/tension  sinusoidal  mode  at 
room  temperature  (23°C)  using  a 50-kip  MTS  unit. 
The  fatigue  tests  for  the  416  and  17-4PH  specimens 
were  conducted  using  a Dynatup  Charpy  Precrackcr. 
The  specimens  were  given  an  initial  load  of  approxi- 
mately 450  lb  (204  kg)  and  cycled  at  a tale  of  1400 
cpm  until  fracture. 

Hydrogin  Embrittlement 

To  Induce  hydrogen  embrittlement,  specimens  were 
cuthodically  charged  in  a solution  of  10  weight  percent 
H1SO4  and  0.3  weight  percent  AsjOj.  The  AsjOj  was 
used  to  promote  absorption  of  hydrogen  during  cathod- 
ic polari  ' m . The  cathodic  charging  was  conducted 
at  a curr,.  jcnslty  of  6 ma/in.1  in, (0.93  ma/cm1)  for 
12  hours. 

Temper  Embrittlement 

Since  A-588  and  A-242  are  normally  used  in  the 
hot-rolled  condition,  temper  embrittlement  is  not  a 
serious  problem.  However,  several  speclinons  wore 
slowly  cooled  from  the  austenitizing  range  In  an  attempt 
to  embrittle  them. 

The  416  stainless  steel  specimens  were  placed  in  u 
preheated  538°C  furnace,  heated  to  954°C,  held  for 
30  minutes,  then  oil-quenched,  This  is  a solution  heat 
treutment  during  which  all  precipitating  elements  are 
taken  Into  solid  solution.  Pour  groups  of  specimens  were 
then  tempered  according  to  the  following  schedules: 

1.  Place  in  preheated  593°C  furnace,  temper  for  1 
hour,  oil  quench. 

2.  Place  In  preheated  316°C  furnace,  temper  for  1 
hour,  oil  quench. 

3.  Place  In  preheated  954°C  furnace,  temper  for  1 
hour,  slow  cool. 

4.  Place  In  preheated  483°C  furnace,  temper  for  1 
hour,  slow  cool. 

Schedules  1 and  2 are  normal  tempering  conditions: 
schedules  3 and  4 simulate  possible  embrittling  condi- 
tions. 

The  17-4PH  specimens  were  solution  heat-treated 
by  a S38°C  preheat  followed  by  beingheated  to  I038°C, 
held  for  30  minutes,  then  oil-quenched.  Three  groups 
of  specimens  were  age-hardened  using  the  following 
heat  treatments: 
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1.  Place  in  482°C  preheated  furnace  fur  1 hour, 
air  cool. 

2.  Place  in  538°C  preheated  furnace  for  1 hour, 
slowly  cool. 

3.  Place  In  454°C  preheated  furnace  for  1 hour, 
slowly  cool. 

Schedule  1 Is  a normal  age-hardening  treatment; 
schedules  2 and  3 are  embrittling  treatments. 


3 RESULTS  AND  DISCUSSION 

Summaries  of  the  mechanical  tests  conducted  in  this 
study  are  shown  in  Tables  2 and  3, 

ASTM  A -688  Steel 

The  fracture  surface  of  the  A-S88  control  tensile 
sample  is  shown  in  Figure  12.  Failure  occurred  by 
inclusion-generated  dimple  rupture.  Figure  13  shows 
various  dimple  sizes  and  several  Inclusions.  The  fracture 
surface  of  the  reaustenitized  and  slowly  cooled  A-588 
tensile  specimen  was  very  similar  to  that  of  the  as-rolled 
sample,  The  mechanism  of  failure  was  also  inclusion- 
generated dimple  rupture. 

Fatigue  and  tensile  overload  regions  can  be  easily 
identified  on  the  fracture  surfaces  of  the  as-tolled 
(Figure  14)  and  reheat-treated  A-588  fatigue  specimens. 
Failure  in  the  tensile  overload  regions  occurred  by 
dimple  rupture  which  initiated  at  inclusions  (Figure 

15) .  The  fatigue  regions  consisted  of  parallel  fatigue 
strialions  indicative  of  the  step-wise,  cyclic  progression 
of  the  crack  front  across  the  fracture  surfaces  (Figure 

16) . 

The  results  of  both  the  SEM  examination  and  the 
mechanical  testing  indicate  that  temper-embrittlement 
did  not  occur  in  A-588  steel. 

The  hydrogen-embrittled  A-588  specimen  (Figure 

17)  shows  considerably  less  necking  before  failure  than 
the  control  specimen  (Figure  12).  Further  Indication  of 
hydrogen  embrittlement  is  confirmed  by  a higher 
magnification  micrograph  (Figure  18)  which  shows 
large  cleavage  facets,  The  river  patterns  show  the 
direction  of  crack  propagation  within  each  facet. 

The  fracture  surface  of  the  hydrogen-embrittled 
fatigue  specimen  (Figure  19)  was  quite  complex  since 


it  contained  various  mixed  modes  of  fracture.  Figure  20 
shows  areas  of  dimple  rupture  interspersed  with  areas 
of  fractured  pearlite  colonies.  The  combination  of 
fatigue  striations  and  intergranular  fracture  shown  in 
Figure  21  is  somewhat  uncommon;  intergranular 
fracture  occurred  in  the  regions  that  had  a preferred 
grain-boundary  fracture  path,  in  this  case  probably  the 
result  of  hydrogen  accumulation  in  the  grain  boundaries. 

The  cleavage  fracture  in  the  tensile  specimen  and 
intergranular  fracture  in  the  fatigue  specimen  show 
that  A-588  is  susceptible  to  hydrogen  embrittlement. 
Both  mechanisms  indicate  a loss  in  ductility. 

Figure  22  shows  the  fracture  surface  of  an  A-588 
Charpy  impact  specimen  tested  to  failure  at  -196°C. 
A higher  nurgnlfication  of  the  surface  (Figure  23) 
shows  that  failure  occurred  by  cleavage.  Numerous  river 
patterns  are  found  on  the  facets.  For  the  Charpy  speci- 
men tested  at  -I03°C,  the  fracture  surface  consisted 
primarily  of  cleavage  facets  with  some  interspersed 
dimpled  regions  (Figure  24).  When  fracture  occurred  at 
■18°C,  the  interior  surface  showed  primarily  cleavage 
facets;  at  the  edges,  however,  regions  of  mixed  cleavage 
and  dimples  appeared.  At  room  temperature  (23°C), 
one  area  in  the  interior  of  the  surface  failed  by  cleavage; 
however,  most  of  the  specimen  had  failed  by  a com- 
bination of  cleavage  and  dimple  rupture  (Figure  25), 
which  gave  the  surface  a fibrous  texture  (Figure  26). 

ASTM  A-242  Steal 

Figure  27  shows  the  fracture  surface  of  the  A-242 
tensile  specimen  machined  with  its  long  axis  longitudi- 
nal to  the  rolling  direction  of  the  steel,  Failure  occurred 
by  inclusion- generated  dimple  rupture;  extensive 
secondary  cracking  and  some  necking  also  occurred. 
The  fracture  surface  of  the  A-242  tensile  specimen 
machined  with  its  long  axis  transverse  to  the  rolling 
direction  is  shown  in  Figure  28.  Some  necking  occurred 
before  failure.  A higher  magnification  micrograph 
(Figure  29)  shows  the  mechanisms  of  failure  to  be 
inclusion-generated  dimple  rupture.  Since  the  plane  of 
fracture  is  parallel  to  the  rolling  direction,  flattened 
Inclusions  can  be  easily  seen  on  the  fracture  surfaces. 

The  reheat-treated  specimens’  fracture  surfaces 
were  similar  to  the  fracture  surfaces  of  the  as-rolled 
specimens.  Failure  in  both  the  longitudinal  and  trans- 
verse specimens  occurred  by  inclusion-generated 
dimple  rupture. 

The  fracture  surface  of  the  hydrogen-charged 
longitudinal  A-242  tensile  specimen  was  slanted 


towards  a shear  lip  on  one  side  (Figure  30 1 The 
mechanisms  of  failure  were  dimple  rupture  (Figure  3 1 ) 
and  some  cleavage.  The  transverse  hydrogen-charged 
tensile  sample  (Figure  32)  shows  elongated  incisions 
(Figure  33).  Failure  occurred  by  u combination  of 
dimple  rupture  and  cleavage  (Figure  34). 

Tite  unembrittled  A-242  fatigue  specimens  failed  by 
a combination  of  cleavage  and  dimple  rupture  (Figure 
35)  in  the  tensile  overload  region  and  by  cleavage 
(Figure  36)  in  the  fatigue  region.  The  fracture  surfuccs 
of  the  reheat- treated  fatigue  specimens  closely  resem- 
bled those  of  tite  as-rulled  fatigue  specimens. 

The  hydrogen-charged  fatigue  specimens  produced 
similar  fracture  surfaces.  The  transverse  specimen  in 
Figure  37  shows  the  long  cracks  formed  as  a result  of 
elongated  inclusion,  Failure  occurred  in  both  specimens 
by  a combination  of  dimple  rupture  and  cleavage 
(Figure  38). 

The  fracture  surfaces  of  the  A-242  Charpy  specimens 
were  shiny  and  faceted  -indicating  brittle  fracture.  Tite 
Churpy  specimens  tested  at  liquid  nitrogen  temperature 
(•196°C)  were  quite  flat,  and  showed  no  lateral  con- 
traction (Figure  39).  Both  the  longitudinal  (Figures  40 
through  46)  und  tr  tnsverst-  specimens  failed  by  cleavage; 
in  some  places  the  fracture  propagated  along  gruin 
boundaries  and  the  fracture  surface  reveals  the  presence 
of  some  type  of  preclpitui  a (Figure  40).  The  amount  of 
lateral  contraction  on  the  fracture  surface  increased  as 
the  testing  temperature  increased  from  0°C  (Figure  40) 
to  room  temperature  (Figure  43),  to  12rC(Figure44), 
Failure  occurred  at  all  temperatures  by  cleavage 
(Figure  45)  in  the  center  of  the  specimens,  and  by  a 
combination  of  cleavage  and  dimple  rupture  in  the 
shear  lips  (Figure  46).  In  all  cases  the  Charpy  impact 
energy  was  much  lower  than  normal.  Even  at  room 
temperature  the  energy  value  was  only  8 .0  ft-lb  ( 10.8  J). 

The  effect  of  rolling  direction  on  the  fracture 
surfaces  of  me  A-242  specimens  could  be  seen  in  the 
low  magnification  of  fractugraphs  (Figures  27,  28,30, 
32,  and  33),  where  elongated  cracks  resulting  from 
rolled  inclusions  were  noticeable  in  the  transverse 
specimens.  Although  some  elongation  of  cleavage 
facets  and  dimples  could  be  observed  at  the  higher 
magnifications,  the  microstructures  of  the  longitudinal 
und  transverse  specimens  were  very  similar,  and  the 
mechanisms  of  failure  were  the  same,  The  effect  of 
rolling  direction  on  (lie  mechanical  properties  of  the 
A-242  specimens  was  significant,  as  shown  by  the 
Charpy  V-notch  energy  values  for  the  transverse 


specimens.  The  elongated  inclusions  provided  weak 
zones  through  which  cracks  could  more  readily  propa- 
gate when  the  long  axis  of  flic  inclusion  was  in  the 
same  plane  as  the  fracture. 

The  results  of  the  SEM  examination  and  the  me- 
chanical testing  indicated  that  neither  temper-  nor 
hydrogen-embrittlement  produced  any  reduction  in 
toughness  in  A-242.  The  absence  of  detectable  hydro- 
gen-embiittlement  is  surprising,  but  can  be  explained 
by  the  results  of  the  Charpy  tests  (Table  3).  The  impact 
energies  of  the  as-received  A-242  specimens  were 
abnormally  low,  possibly  because  Improper  mill 
treatment  had  already  caused  embrittlement.  Since 
additional  embrittlement  could  not  occur,  no  effect 
from  hydrogen  charging  was  observed  on  the  A-242 
test  specimens. 

17-4PH  Stial 

The  fracture  surface  of  the  17-4PH  solution  heat- 
treated  tensile  specimen  is  shown  in  Figure  47.  Failure 
resulted  from  dimple  rupture  and  microvoid  coalescence 
(Figure  48).  A small  amount  of  necking  occurred 
before  failure. 

The  fracture  surfaces  of  thu  tensile  specimens  which 
were  quenched  und  subsequently  age-hardened  at 
cither  482°C,  454°C,  or  538°C  were  similar,  Character- 
istic illustrations  of  these  tensile  fractures  urc  as 
follows!  (1)  Figure  49  indicates  that  some  necking 
occurred  before  failure,  with  shear  lips  developing 
on  ail  sides  of  the  fracture  (in  other  specimens  this 
phenomenon  was  not  consistent,  since  shear  lips  oc- 
curred only  on  one  side);  (2)  Figure  50  shows  extensive 
secondary  cracking  around  large  Inclusions;  and  (3) 
Figure  5 1 indicates  that  failure  occurred  by  the  mech- 
anisms of  dimple  rupture  and  microvoid  coalescence. 

The  hydrogen-charged  17-4PH  tensile  specimen  is 
shown  in  Figure  52. The  iracturc  surface  slants  towards 
a prominent  shear  lip  on  one  side.  The  mechanism  of 
failure  was  dimple  rupture  (Figure  53). 

The  fracture  surfucc  of  the  solution  heat-treated 
I7-4PH  fatigue  specimen  was  very  Hat  (Figure  54),  as 
evidenced  by  the  square  outline  of  the  fracture.  Failure 
occurred  by  quasi-cleavage  (Figure  55).  The  fracture 
surfaces  of  the  17-4PH  fatigue  specimens  uge-ltanJcncd 
ut  482°C,  454°C,  or  538°C  and  hydrogen-chin ged  are 
all  quite  fiat,  as  exemplified  in  Figure  56,  Failure 
occurred  typically  by  quasi-cleavage  in  all  three  speci- 
mens as  illustrated  in  Figure  57,  The  482°Cand  538°C 
specimens  had  dark  areas  on  the  low  magnification 
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micrographs,  which  at  higher  magnification  were  as-quenched  specimens.  Dark  areas  on  the  low  magni- 

shown  to  be  unusually  Hat  regions,  as  shown  in  Figure  flcation  micrographs  of  other  specimens, 41 6 specimens 

58.  The  appeaiance  of  this  area  indicated  that  fracture  tempered  at  482®C,  and  the  hydrogen- charged  416 

occurred  through  a very  brittle  material  or  interface,  specimen,  were  found  to  be  very  flat  regions  where 

probably  some  kind  of  inclusion,  as  shown  In  the  fast  fracture  had  evidently  occurred  through  brittle 

microstructure  of  Figure  58.  inclusions.  Similar  areas  were  observed  in  some  of  the 

I7-4PH  specimens. 

The  fructure  surfaces  of  the  solution  heat-treated 

17-4PH  Charpy  specimens  tested  at  liquid  nitrogen,  The  416  as-quenched  Charpy  specimens  were  fairly 

0°C,  room  temperature,  and  1 2 1 °C  were  very  similar.  brittle.  At  room  temperature, only  a very  small  amount 

The  amount  of  lateral  contraction  and  the  size  of  the  of  shear  failure  was  preient  (Figure  66).  Failure  occur- 

shear  lips  increased  with  testing  temperature  and  the  red  from  a combination  of  cleavage  and  dimple  rupture 

material  became  more  ductile  as  exemplified  in  Figures  (Figure  67).  The  416  Charpy  specimens  which  had 

59  and  60.  The  liquid  nitrogen  specimen  failed  by  a been  tempered  at482sCand  31 6cC  developed  fracture 

combination  of  dimple  rupture  and  cleavage  in  the  surfaces  very  similar  to  those  of  the  as-quenched 

center  and  by  dimple  rupture  in  the  shear  lip  regions,  specimen,  Failure  occurred  by  cleavage  at  the  lower 

The  remaining  solution  heat-treated  specimens  failed  testing  temperatures  and  by  a combination  of  cleavage 

entirely  by  dimple  rupture.  and  dimple  rupture  at  room  temperature  and  12 1°C. 

The  specimens  slowly  cooled  from  954aC  or  tempered 

The  solution  heat-treated  and  age-hardened  17-4PH  at  593®C  were  more  ductile  than  the  other  416  Charpy 

Charpy  specimens  were  considerably  more  brittle  than  specimens.  Extensive  secondary  cracking  occurred  on 

the  solution  heat  treated  Charpy  specimens.  The  sped-  the  9S4sC  specimen  (Figure  68),  and  failure  occurred 

mens  tested  at  liquid  nitrogen  temperature  showed  by  dimple  rupture  (Figure  69).  The  fracture  surface 

fractures  which  were  very  flat;  no  lateral  contraction  of  the  Charpy  specimen  tempered  at  593°  C and  tested 

occurred  und  failure  was  by  cleavage.  Results  of  the  at  liquid  nitrogen  temperature  hud  a very  fibrous 

Charpy  V-notch  test  indicated  an  increase  in  absorbed  appearance.  The  mode  of  fracture  was  quite  complex; 

energy  as  v/oll  as  lateral  contiaction.  The  appearances  most  of  the  surface  failed  by  a combination  of  cleavage 

of  the  fracture  surfaces  of  the  specimens  aged  at  538aC  and  dimple  rupture  (Figure  70),  but  areas  of  inter- 

and  482‘  C:  wore  very  similar,  but  fracture  surfaces  of  granular  fracture  were  also  observed  (Figure  71).  The 

the  specimens  aged  at  454°C  were  less  ductile  than  the  specimens  tested  at  higher  temperatures  failed  by 

482®C  and  583"C  specimens.  dimple  rupture. 

AISI  416  Steel  Neither  of  the  stainless  steels  was  found  to  be 

The  as-quenched  416  tensile  specimen  is  shown  in  susceptible  to  hydrogen-embrittlement.  The  effect  of 

Figure  61  after  testing.  The  fracture  aurface  slanted  the  tempering  heat  treatments  on  the  stainless  steels 

towards  a large  shear  lip  on  one  side,  and  some  necking  is  quite  complex  and,  therefore,  difficult  to  define, 

occurred  prior  to  failure.  The  mechanisms  of  failure  The  tempering  procedures  can  alter  the  yield  strength, 

were  dimple  rupture  and  microvoid  coalescence ; some  ultimate  strength,  and/or  the  ductility  of  a material 

secondary  cracking  occurred  (Figure  62).  The  fracture  simultaneously,  As  the  tensile,  yield,  and  Impact  data 

surfaces  of  the  tempered  and  hydrogen -charged  tensile  In  Tables  1 and  2 show,  a wide  variety  of  values  was 

specimens  were  very  similar  to  that  of  the  as-quenched  obtained  from  the  various  tempering  schedules, 

specimen.  More  extensive  secondary  cracking  occurred 

in  the  specimen  tempered  at  593°C  (Figure  63);  very  Even  though  the  mechanical  property  values  for  the 

little  cracking  occurred  In  the  31 6°C,  482°C,  and  tempered  specimens  varied  greatly,  the  fracture  aurfacea 

hydrogen-charged  specimens.The  mechanisms  of  failure,  were  very  simitar,  Intergranular  fracture  occurred  In  a 

i.e.,  dimple  rupture  and  microvoid  coalescence,  were  416  Charpy  specimen  which  had  been  tempered  at 

the  same  for  all  (he  tensile  specimens.  593®C,  but  only  when  tested  at  liquid  nitrogen  temper- 

atures. Specimens  tempered  at  316eC  ahowed  cleavage 

The  fracture  surface  of  the  as-quenched  41 6 fatigue  at  higher  test  temperatures  and  Charpy  fracture  energies 

specimen  is  shown  In  Figure  64.  The  very  flat,  fracture  were  also  much  lower.  The  specimens  which  were 

surface  was  caused  by  quasi-cleavage  (Figure  65).  The  slowly  cooled  from  959°C  or  tempered  and  slow-cooled 

fracture  surfaces  of  both  the  tempered  and  hydrogen-  from  483®C  wire  tested  at  room  temperature  and  had 

charged  specimens  closely  resembled  that  of  the  fracture  surfaces  composed  mostly  of  dimpled  rupture. 
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4 CONCLUSIONS 


1.  The  structural  steels  ASTM  A-588  and  A -242 
were  found  by  SBM  examination  and  mechanical 
testing  to  be  unsusceptible  to  temper-embrittlement. 

2.  ASTM  A-588  was  found  to  be  susceptible  to 
hydrogen-embrittlement.  Cleavage  fracture  in  the 
tensile  and  intergranular  fracture  in  the  fatigue  speci- 
men indicate  a loss  in  materia)  ductility  us  a result  of 
the  hydrogen- charging  procedure, 

3.  ASTM  A-242  was  found  to  be  unsusceptible  to 
hydrogen-embrittlement  In  this  study.  Since  the 
us-received  A-242  material  was  in  an  abnormally  low 
toughness  condition,  however,  the  effect  of  hydrogen 
charging  on  the  mutcriul  would  be  masked  by  this 
condition.  A high-strength,  low-alloy  structural  steel 
such  as  A-242  in  a quenched  and  tempered  condition 
would  ordinarily  be  susceptible  to  hydrogen-embrittle- 
ment, as  the  similar  A-588  steel  was  shown  to  be. 

4.  The  orientation  of  the  specimens  with  respect  to 
the  rolling  direction  was  shown  to  affect  primarily  the 


mechanical  properties  of  A-242  steel,  The  fracture 
surfaces  of  transverse  specimens  contained  elongated 
inclusions,  but  no  change  in  fracture  mechanism  from 
that  of  the  longitudinal  specimens  was  observed. 

5 . The  stainless  steels,  17-4PH  and  416,  were  found 
to  be  unsusceptible  to  the  hydrogen-charging  procedure 
performed  in  this  study, 

6.  The  effect  of  tempering  on  the  stainless  steels  is 
difficult  to  define.  Even  though  the  mechanical  test 
results  showed  large  variations  in  values,  the  fracture 
surfaces  of  the  as-quenched  and  various  tempered 
specimens  were  very  similar.  The  appearance  of  the 
fracture  surface  is  therefore  not  a sufficient  method 
for  determining  temper-embrittlement,  but  must  be 
combined  with  mechanical  testing  to  reach  valid 
conclusions, 

7.  The  effect  of  testing  temperature  on  the  Charpy 
specimens  of  all  the  steels  was  seen  in  a change  from 
low-energy,  brittle  fracture  (primarily  cleavage)  allow 
temperatures  to  higher-energy,  ductile  fracture  (pri- 
marily dimple  rupture)  at  elevated  temperatures. 
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Figure  1 1 . Specimen  geometry  For  tensile,  fatigue,  and  Charpy  impact  tests. 
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Figure  12,  Tensile  fracture  surface  of  A-588  steel,  8X.  Note  the  largo  reduction  In  area  of 
the  fracture  surface  and  separation  at  elongated  inclusions. 
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Figure  22.  Fracture  surface  of  an  A-SS8  Charpy  specimen  tested  at  ■196t>C1 8X.  The 
absence  of  lateral  contraction  and  the  flat  fracture  surface  Is  evidence  of 
a low  energy,  brittle  fracture. 
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Figure  28.  Tensile  fracture  surface  of  an  A-242  transverse  specimen,  12X.Thc  fracture 
surface  has  necked  down  less  than  the  longitudinal  specimen  and  has  a much 
flatter  fracture  surface.  Note  cracking  along  elongated  Inclusions. 


Figure  29.  Inclusion-generated  dimple  rupture  in  an  A-242  transverse  specimen,  500X. 
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Figure  30.  Fracture  surface  of  a hydrogen-charged  A-242  longitudinal  tensile  specimen, 
I OX.  The  fracture  is  very  flat  indicating  low  ductility. 


Figure  31.  Dimple  rupture  in  a hydrogen-charged  A-242  longitudinal  tensile  specimen, 
600X. 
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Figure  33 


Figure  34 


Figure  32.  Fracture  surface  of  a hydrogen-charged  A-242  transverse  tensile  specimen, 
10X.  The  fracture  surface  is  flat  and  the  limited  reduction  in  area  indicates 
low  ductility. 


Figure  38.  Dimple  rupture  and  cleavage  fracture  in  a hydrogen-charged,  A-242  transverse 
fatigue  specimen,  250X.  The  cleavage  region  is  In  the  fatigue  crack  propagation 
region,  while  the  dimple  rupture  occurred  by  tensile  overload  on  the  last  cycle. 


* IV*  *'  •..*  •>’ ■ •'  , * jjA  - . 

r i '■*.'&  w:  • ' ff'* 

>.-?■  i'  * 


A**1*?-- 

•;  X ■■■ «*• 


* -Nr}  ■,*.•  • 

,#  w -ra;.. 


y;.\  ■■■  *• 

.4?>V 


Figure  39.  Fracture  surface  of  an  A-242  transverse  Charpy  specimen  tested  at  -196°C, 
10X.  Note  the  flatness  of  the  fracture  and  absence  of  lateral  contraction. 
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Figure  44.  Fracture  surface  of  an  A-242  longitudinal  Charpy  specimen  tested  at  121°C, 
10X,  Note  the  extensive  lateral  contraction  and  deteriorations  at  inclusions. 


Figure  45.  Cleavage  fracture  in  an  A-242  longitudinal  Charpy  specimen  tested  at  23"C, 
500X. 


Figure  49,  Fracture  lurface  of  a 1 7-4PH  tensile  specimen  aged  at  "'i82°C>  1 2X.  Note  flat 
region  on  the  interior  of  the  fracture  surface. 
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Figure  56.  Fracture  surface  of  a 17-4PH  fatigue  specimen  aged  at  482°C,  10X. 


Figure  57.  Quasi-cleavage  fracture  In  a 17-4PH  fatigue  specimen,  1000X. 
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Figure  65 


Flaura  64  Fracture  mtface  of  ai-quenched  416  fatigue  ipecimen,  10X.  The  flat  fracture 
FlgU„  64.  Ftacture  .urtace^  ^ evid#nce  rf  ^ ene(gy  future. 
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Figure  66.  Fracture  surface  of  as-quenched  416  Charpy  specimen  tested  at  23"C,  10X. 


Figure  67,  Dimple  rupture  and  cleavage  fracture  in  as-quenched  416  Charpy  specimen 
tested  at  23°C,  SOOX. 
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